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Earthen sites are widely distributed throughout China, and most of them belong to archaeological sites
with signiﬁcant values, which not only directly witness the origin, formation and development of Chi-
nese civilization, but also possess important values for conservation and exhibition. Many researches and
practices on their conservation and consolidation have been carried out; however, the consolidation
effect is mainly judged by visual observation and expert evaluation. Scientiﬁc assessment of conservation
and consolidation effects is a challenging issue. Many instruments in other ﬁelds cannot be directly
applied to the conservation of cultural relics due to their peculiarity. In order to assess the effects of ﬁeld
conservation experiments, this paper tries to understand the consolidation effects at Liangzhu site using
nondestructive or micro-damage methods, including thermo-physical parameters testing, infrared
thermal imaging, high-density microelectrode resistivity testing, portable microscope observation, and
hydrophilic and hydrophobic testing, and thereby explores the practicable methods for evaluating the
properties of consolidation materials for earthen sites treatment.
 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Ancient architectures in China were mainly built of timber and
earth. Although most of wooden structures have been decayed or
removed over times, a large number of earthen architectures are
still preserved as earthen sites (Wang, 2013). The six groups of
national key cultural relics announced by the Chinese government
include 378 earthen sites distributed in 30 provinces. The most
famous sites of them are the Banpo Village Ruins of the Yangshao
Period at Xi’an, the Terra-Cotta Warriors and Horses site of the Qin
Dynasty at Lintong, and the Han Dynasty Chang’an City in Shannxi
Province; the Dadiwan Village Ruins of the Yangshao Period at
Qing’an, the Qin Dynasty Great Wall site at Dingxi, the Jade Gate,
Hechang City and Han Dynasty GreatWall sites near Dunhuang, the
Suoyangcheng site at Guazhou, and the Camel City site at Gaotai inock and Soil Mechanics, Chi-
s, Chinese Academy of Sciences. Pr
by-nc-nd/4.0/).Gansu Province; the Khara-Khoto site at Ejin Banner in Inner
Mongolia Autonomous Region; the Tangut King Tombs at Ningxia
Hui Autonomous Region; the Ancient Jiaohe City site, the Ancient
Gaochang City at Turfan, and the Ancient Loulan City in Xinjiang
Uygur Autonomous Region; and so on. Researches on conservation
and consolidation of earthen sites have been carried out extensively
in China for over 20 years (Li et al., 1995, 2009a,b; 2011; Sun et al.,
2008; Wang, 2008, 2010). Overseas studies on the conservation of
earthen sites mainly focus on earth properties and compositions as
well as condition evaluation, cause of deterioration, moisture
monitoring, capping and consolidation (Coffman et al., 1990; Helmi,
1990; Ward, 1990; Carll and TenWolde, 1996; Rodriguez-Navarro
and Doehne, 1999; Kuchitsu et al., 2000; Ziegert, 2000; Tolles
et al., 2002; Fodde, 2006, 2008, 2010; Charnov, 2011; Snethlage and
Sterﬂinger, 2011; Stephenson and Fodde, 2012). Few studies are
conducted to evaluate the consolidation effect of earthen site based
on nondestructive testing methods. Therefore, it is very difﬁcult to
quantitatively evaluate the consolidation effects in the ﬁeld of
conservation of earthen sites. The cultural relics are non-renewable
resources, suggesting that only nondestructive or micro-damageoduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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and the testing methods in civil engineering cannot be directly
applied in this ﬁeld. Based on the testing of consolidation effects at
the Liangzhu site in Zhejiang Province, China, this paper explores
the systematic and practical methods for evaluating the consoli-
dated effects of earthen sites by testing the thermal conductivity,
the temperature changes of both consolidated and unconsolidated
areas, the micro-composition, the high-density microelectrode re-
sistivity, the thermo-physical parameters, and the infrared ther-
mograph with nondestructive and micro-damage methods.2. Field nondestructive testing methods for evaluating
consolidation effects of earthen sites
Fifteen types of consolidation materials, including 3%e5% high-
modulus potassium silicate (PS), hydrophilic high-tensile silicon
emulsion, 12% modiﬁed styrene acrylic acid, and 4% modiﬁed
acrylic acid, were chosen to test the consolidation effects on the
surface of the north wall of the Liangzhu site in Zhejiang Province,
China, and a variety of nondestructive testing methods were used
to verify the feasibility and reliability of these methods.2.1. Measurement of thermo-physical parameters
Various thermal transfer phenomena can be observed in daily
life, such as heat conduction. The thermo-physical parameters of
the cultural heritage are often measured in the laboratory. Giorgi
et al. (2002) tested the thermo-physical parameters of paper and
canvas. Zhang et al. (2014) studied the relationships betweenwater
content and thermo-physical parameters of earthen sites in the
laboratory. As for the consolidated earthen body, heat conduction
refers to the phenomenon that the temperatures of different areas
vary with the changes of external environmental temperature.
However, the microstructures of the earthen body change after
consolidation, causing different thermal conductions due to the
difference of thermal conductivity. In this study, the portable
thermal conductivity instrument (DECAGON KD2 Pro) was used to
test the thermal properties of earthen sites. The 6 cm long single
needle-type sensor (KS-1) was chosen to measure the thermal
conductivity and resistivity of the earthen fabric, and the 3 cm long
double needle-type sensor (SH-1) was used tomeasure the thermal
diffusivity and speciﬁc heat capacity of the earthen fabric. The
sensors installed are shown in Fig. 1. Four indices, i.e. thermalFig. 1. Photo of ﬁeld testing for thermo-physical parameters.conductivity (K), heat capacity (C), thermal diffusivity (D) and
thermal resistivity (R), were tested.2.2. Infrared thermal imaging
Infrared thermal imaging refers to the technology of trans-
forming invisible infrared radiation into visible images with an
infrared detector. Such images are used to determine the surface
temperature distribution of tested object and then to evaluate its
condition. Infrared thermal technology has been widely used in
investigation, monitoring and evaluation of cultural heritage.
Grinzato et al. (2002), Avdelidis and Moropoulou (2004) and
Kordatos et al. (2013) investigated the condition of ancient build-
ings, murals and historic monuments by the infrared thermal
technology. Bodnar et al. (2012) applied the infrared thermography
to restore mural paintings. In this paper, M7500 thermal imager
was used for testing (Fig. 2). The temperature data of the tested
object collected by the thermal imager are input into a computer
through a necessary interface, and then they are processed and
analyzed in ﬁeld or in the control center. Software of MikroSpec
R/T that is compatible with M7500 series is used in the testing.
Through the Ethernet, users can perform remote control to select
cameras, modes, temperature range and lens, analyze and monitor
the custom areas or any speciﬁc zone. Testing should be carried out
in the morning or at nightfall as possible considering the relatively
large changes in environmental temperature.
2.3. High-density resistivity testing
High-density resistivity testing has been successfully applied to
many engineering investigations on water and moisture. Its basic
principle is completely the same as that of the regular resistivity
testing. The only difference is that more electrodes are selected in
the high-density resistivity testing, which is a kind of electric
detection methods based on the resistivity discrepancy of rock or
soil mass. Putting all the electrodes on the lines to be tested in ﬁeld,
the electronic switch and engineering measurement instrument
can realize rapid and automatic data collection. However, all the
electrodes have to be tapped into the earthen body in current high-
density resistivity testing, and this would cause great damage to the
earth body. In order to protect the earthen sites, Dunhuang Acad-
emy in cooperation with the Qingdao Jiaopeng Institute of Tech-
nology Engineering developed electronic lines at a spacing of 5 mm
instead of traditional electrodes which to some extent damage
earthen fabric. As a result, high-density resistivity testing can beFig. 2. Field testing photo of infrared thermal imaging.
Fig. 5. Field hydrophilic and hydrophobic tests.
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to earthen sites. Fig. 3 shows the electronic lines and ﬁeld testing.
2.4. Microscopic observation
The microstructural changes of consolidated earth are signiﬁ-
cant for permanent consolidation effects. Various materials are
effective in conservation of earthen sites in the initial stage, but
surface peel and loss will appear a few years later. This has been
conﬁrmed to have a relation with the changes of surface structure.
For earthen sites, the changes are detected more often in laboratory
than those observed in ﬁeld and evaluated with portable micro-
scopes. In this study, DinoCapture, a portable microscope, was used
to observe the changes of surface structures (see Fig. 4).
2.5. Hydrophilic and hydrophobic testing
One of the basic requirements for anti-weathering conservation
materials is that these materials should be water-resistant but not
water-repellent. Therefore, hydrophilic and hydrophobic tests are
also included in the consolidation effect evaluation of earthen sites.
By spraying water over the experimental area, the hydrophilic and
hydrophobic tests were carried out on the earthen sites which were
consolidated with different materials (see Fig. 5). It is not particu-
larly an accurate but fast and effective method.Fig. 3. Testing photo of micro-electric resistivity.
Fig. 4. Testing photo of microstructure.3. Testing results of consolidation effects of earthen sites
3.1. Testing results of thermo-physical parameters
Testing results of thermal conductivity and resistivity for un-
consolidated area and areas consolidated with 15 different ma-
terials in different proportions are shown in Figs. 6 and 7,
respectively; while the testing results of speciﬁc heat capacity and
thermal diffusivity are separately illustrated in Figs. 8 and 9. The
details of the areas consolidated by different materials are shown
in Table 1.
By comparing Figs. 6 and 7, it can be found that the smaller
thermal conductivity and the larger thermal resistivity occur after
consolidation. Such a phenomenon proves that this testing method
can be used to evaluate the consolidation effects of earthen sites.Th
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Fig. 8. Testing results of heat capacity.
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Fig. 9. Testing results of thermal diffusivity.
Table 1
Details of unconsolidated area and areas consolidated with different materials.
Area
No.
Consolidation
material
Area
No.
Consolidation
material
1 Unconsolidated area 9 12% modiﬁed styrene acrylic
2 8% n-octyltriethoxysilane 10 31J consolidated material
3 5% double ethane 11 2% styrene acrylic
4 2% modiﬁed acrylate 12 2% silicon ﬂuoride
5 5% PS material 13 4% pure acrylic
6 13.89% modiﬁed pure acrylic 14 4% modiﬁed silicon acrylic
7 12.8% modiﬁed silicone acrylic 15 4% silicon acrylic
8 Hydrophilic high-tensile
silicon emulsion
16 4% ﬂuorine silicon
X. Wang et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 726e733 729Figs. 8 and 9 indicate that the thermal diffusivity and heat ca-
pacity of unconsolidated area are generally smaller than those of
the consolidated areas; meanwhile, those of the consolidated areas
differ slightly from each other. These differences are induced by the
consolidation of earthen sites with different materials. As a result,
these different parameters which are tested can be used to evaluate
the consolidation effects of earthen site by different consolidation
materials.
The above results demonstrate that the surface structures of the
earthen sites have been changed apparently after consolidation due
to the change from microstructures of separated or ﬂaky crystal
clay minerals to a non-crystal gel structure, causing changes of the
thermo-physical parameters of the earthen body. Hence, the ther-
mal physical parameters can be used as evaluation indicators for
consolidation of earthen sites.3.2. Testing results of infrared thermograph
The infrared thermal imaging has been applied to evaluating the
consolidation effects of earthen sites in this study. The results of a
part of experimental areas are chosen to illustrate the feasibility of
infrared thermal imaging in such an evaluation. Fig. 10 shows the
diagram of visible lights and infrared thermal image, and Fig. 11
presents the temperature-time curves of tested areas. It can be
found from Fig. 10 that the temperature of the areas consolidated
with different materials is obviously different from that of the
unconsolidated area. The temperature-time curves shown in Fig. 11
indicate that the surface temperature change of consolidated areas
is smaller than that of unconsolidated area. It should be mentioned
that the test was carried out in the season with low daily temper-
ature difference in this region; consequently it is hard to determine
the difference between different consolidation materials with large
daily temperature difference. Further work should be conducted
concerning large daily temperature difference.
3.3. Testing results of high-density resistivity
Figs. 12e14 show the testing results of high-density resistivity
by means of electronic lines. Fig. 12 depicts the inverse chart of the
testing results of unconsolidated area, and the left and right sides of
Fig. 13 respectively show the testing results of unconsolidated and
consolidated areas with the 31J conservation material. Fig. 14 pre-
sents the testing results of the area consolidated with the PS con-
servation material.
Fig.12 reveals that in thewhole area, the resistivity is lower near
the surface and it gradually becomes higher from the surface to-
wards the inside. Fig. 13 suggests that the resistivity increases from
the surface towards the interior due to the water content reduction.
The resistivity of the unconsolidated area is obviously lower than
that of the consolidated area, which indicates that the consolida-
tion material not only lowers the resistivity, but also decreases the
water and air permeability of the earth surface. Thus, this material
is not suitable for conservation of earthen sites. Fig. 14 shows that
the whole area has a lower shallow resistivity and high deep re-
sistivity. The resistivity is higher at the surface, reduces towards the
interior, and then increases in deep interior. This illustrates that the
consolidation material has altered the property of the earthen
fabric by increasing the surface strength and slightly decreasing the
air and water permeability of the earthen surface. Comparison
among testing results shows that the 31J material in Fig. 14 is su-
perior to that in Fig. 13 in terms of air and water permeability.
The above testing results show that the electronic resistivity of
the unconsolidated and consolidated areas with differentmaterials,
determined by high-density resistivity testing based on micro-
electrode lines, is obviously different. In conclusion, the method for
testing the resistivity of unconsolidated and consolidated earth
bodies by the microelectrode lines can be used for evaluating the
consolidation effects of earth sites.
3.4. Testing with portable microscopy
Figs. 15e17 show the results of microstructure testing on un-
consolidated area (Fig. 15) and areas consolidated with different
materials (Figs. 16 and 17).
It is revealed form Fig. 15 that holes and cracks on the earth
surface, loose earthen structure, and obvious weathering traces
might easily result in powdery loss and efﬂorescence of the surface
exposed to external environments. Fig. 16 shows a relatively com-
pacted surface after consolidated with 2% modiﬁed acrylate. It is
demonstrated that the treatment is effective in consolidation of
earth surface and anti-weathering.
Fig. 10. Diagram of visible lights and infrared thermal image.
Time (s)
0 100 200 300 400 500 600 700
Te
m
pe
ra
tu
re
 (°
C
)
33
32
31
30
29
28
5
6
7
8
9
Time (s)
Te
m
pe
ra
tu
re
 (°
C
)
34
33
32
31
30
0 100 200 300 400 500 600 700
Fig. 11. Temperature-time curves of tested areas.
Fig. 12. Inverse chart of the testing results of unconsolidated area.
Fig. 13. Inverse chart of the testing results of unconsolidated and consolidated areas with the 31J material.
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indicates that the conservation material leads to a poor water
permeability and will further inﬂuence the air and water
permeability, and the physical appearance of the earthen surface.Fig. 17 shows that the microstructure of the area consolidated
with 4% silicon acrylic is similar to the microscopic images of the
unconsolidated earth surface, which suggests that the conser-
vation material can effectively consolidate the earthen site
Fig. 14. Inverse chart of the testing results of the area consolidated with the PS material.
Fig. 15. Microstructure of unconsolidated area (100).
Fig. 16. Microstructure of the area consolidated with 2% modiﬁed acrylate (100).
Fig. 17. Microstructure of the area consolidated with 4% silicon acrylic (100).
Fig. 18. Hydrophilic and hydrophobic testing of unconsolidated area.
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can be used as a conservation material for earthen sites. Ac-
cording to the above researches, the microscopic image can help
to understand the surface structure of the consolidated area and
thus can be used in qualitative evaluation of conservation
materials.3.5. Hydrophilic and hydrophobic testing
Generally, consolidation materials should have a good hy-
drophilic instead of hydrophobic property because the perme-
ability of the earthen site surface will be reduced after
consolidation with hydrophobic materials, water is not able to
freely escape, and then it is easy to crust on the surface due to the
difference in the properties of earthen site surface and interior.Figs. 18e20 show the results of hydrophilic and hydrophobic
testing of the unconsolidated area and the areas consolidated
with different materials. Fig. 18 indicates that the unconsolidated
area has satisfactory water permeability because the water
sprayed over the surface will penetrate into the earth rapidly
instead of forming droplets. Fig. 19 shows that the sprayed water
cannot penetrate into the earth but form droplets rolling along
the surface of the area consolidated with 5% double ethane.
Fig. 20 suggests that water can also penetrate rapidly into the
earth of the area consolidated with 5% PS material. Comparison
of the testing results shows that the 5% PS material reﬂected in
Fig. 20 is superior to the 5% double ethane in Fig. 19 in terms of
the air and water permeability. Though this testing method is
simple, but it can well differentiate the quality of conservation
materials. Therefore, it can be used to evaluate the consolidation
effects of earthen sites.
Fig. 19. Hydrophilic and hydrophobic testing of the area consolidated with 5% double
ethane.
Fig. 20. Hydrophilic and hydrophobic testing of the area consolidated with 5% PS
material.
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This paper studies the testing methods for evaluation of
consolidation effects of earthen sites using thermo-physical pa-
rameters, infrared thermograph, and high-density microelectrode
resistivity with portable thermal conductivity meter, infrared im-
ages, high-density conductivity instrument, portable microscope
and water spray. The research ﬁlls the void of in-situ testing
methods for the conservation and consolidation of earthen sites,
and thus makes sense to studies of earthen site consolidation and
conservation.
Measurements of basic thermal conductivity, thermal resistivity,
speciﬁc heat and thermal diffusivity, and comparison of the
thermo-physical parameters before and after consolidation suggest
that the thermal conductivity and resistivity of the earthen body
before and after consolidation differ signiﬁcantly. The diagrams of
the temperature vs. time determined by the infrared thermal im-
aging show that changes in the surface temperature of the
consolidated area exceed those of the unconsolidated area as the
environmental temperature changes; furthermore, it should be
more obvious when the difference in daily temperature is high. The
high-density resistivity testing based on microelectrode lines can
provide obviously different two-dimensional resistivity section
diagrams between unconsolidated area and the areas consolidated
with different materials. The portable microscope can distinguish
the microstructure changes of the area before and after consoli-
dation as well as the areas consolidated with different materials.
Hydrophilic and hydrophobic testing can also effectively evaluate
the consolidation effects. All the above-mentioned testing methodscan be utilized to evaluate the consolidation and conservation ef-
fects of earthen sites.
Further research on testing and evaluation of earthen site
consolidation should focus on the reasonable combination of
multiple nondestructive testing instruments and parameter
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